This tutorial paper discusses the basic parameters which determine the accuracy of timing measurements and their effect in a practical application, specifically timing with thin-surface barrier detectors. The discussion focusses on properties of the detector, low-noise amplifiers, trigger circuits and time converters. New material presented in this paper includes bipolar transistor input stages with noise performance superior to currently available FETs, "noiseless' input terminations in sub-nanosecond preamplifiers and methods using transmission lines to couple the detector to remotely mounted preamplifiers. Trigger circuits are characterized in terms of effective rise time, equivalent input noise and residual jitter.
"noiseless' input terminations in sub-nanosecond preamplifiers and methods using transmission lines to couple the detector to remotely mounted preamplifiers. Trigger many-faceted subject, where the multitude of relevant details can easily obscure the fact that the performance of all timing systems is determined by only a few basic principles. The purpose of this tutorial paper is to point out these principles and demonstrate how they apply to a specific situation. For clarity this demonstration will be restricted to thin surface barrier detectors. This choice is justified by the fact that systems using these detectors not only provide the best time resolution currently being obtained with semiconductor detectors, but that they also have the potential for significant improvement.
A typical nuclear detector system using surface barrier detectors is the AE-E time-of-flight telescope. Figure 1 shows the basic configuration of such a system: a thin transmission detector (AE) and a stop detector (E) are spaced so that particles passing through the start detector traverse a distance s before impinging on the stop detector. The time-offlight t between the two detectors is measured, which, together with the energy E measured in the stop detector, permits calculation of the particle mass: 2 m _-E t2 (1) 
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Experimental resultsl for a typical system are shown in Fig. 2 . In this measurement the thickness of the AE detector was 24 um, that of the E detector 58 pm. Mass resolution of 0.4 amu was obtained by a 19 cm flight path and an overall time resolution of 85 ps FWHM. The relationship between AE and E yields the atomic number Z of the reaction products as shown in the Z-spectrum (Fig. 2b) . Event Before investigating these individual components in detail, we must establish the basic criteria which determine time resolution. If a noisy analog pulse is applied to a leading edge trigger, (i.e., a circuit producing a logic pulse when the input signal exceeds a fixed threshold level) the timing uncertainty can be obtained by a simple geometric transformation (Fig. 4a) . Projecting the variance a of the momentary signal amplitude on its rate o? change dV/dt at the trigger threshold VT yields the variance in time at of the output pulse, called "jitter".
an -dVT or1-dt VT (2) in general n at ndV dt V T Fig. 3 . Basic components of a timing channel. where &t represents transit time differences in the detector or associated electronics (residual jitter).
In represents amplitude variations of any kind, not only noise but also variations in pulse shape. If an is determined by noise alone it is equal to the rms noise voltage. Multiplying the standard deviation it by 2.35 yields the time resolution FWHM. Minimum jitter results when the trigger threshold is set at the point of maximum slope dV/dt of the pulse transition (Fig. 4b) .
Qualitatively, this relationship shows that increasing signal-to-noise ratio, decreasing rise time and decreasing residual jitter lead to improved time resolution. Furthermore, if an and (dV/dt)V are accurately measured, this equation provides a quAntitative benchmark against which the characteristics of a detector (st) or the electronics can be measured. This is one of the most important tools in estimating the capabilities of a timing system and its individual components.
THE DETECTOR
Electron-hole pairs are formed along the track of the incident particle in proportion to the stopping power of the detector material. The electrons and holes are accelerated toward the positive and negative electrode respectively, attaining a velocity of v(x) 1=V E(x) (4) The depletion depth and the maximum field strength both increase with the square root of the applied bias voltage. The electric field -and therefore the carrier drift velocity -decreases linearly towards zero at the end of the depletion region, leading to long total collection times.
A more uniform field distribution results from "overbiasing" the detector, that is applying a bias voltage in excess of that required for total depletion of the semiconductor wafer (d = D). The minimum field strength in the depletion region then increases to
where VD is the bias voltage required for total depletion. The field strength rises linearly toward the front contact attaining a maximum value Emax = Emin +D (8) as shown in Fig. 5b . As a practical aid the above relationships expressed in technical units are compiled in the Appendix. 
where Q is the total charge produced by the ionizing particle and ax/d is the fraction of the detector thickness which the charge has traversed.10 A precise calculation of the induced pulse shape must include the variation of ionization density along the particle track, the electric field profile and the velocity dependence of carrier mobility, which is cumbersome but easily done with a computer. However, a quick estimate of the collection time can be made by multiplying the thickness of the detector by the average incremental collection time (e.g., 15 ps/pm for electrons at (E -2-104 V cm-1).
The following general conclusions can be drawn from the preceding discussion:
1. High field strengths are required to reduce collection time, i.e. increase dV/dt.
2. For a given depletion depth, the average field strength will be higher in a detector fabricated from low resistivity material.
3. In order to obtain high field strengths throughout its sensitive volume the detector must be overbiased. The greater the relative overbias Vb/VD, the more uniform the field profile will be. Figure  6 illustrates the situation for two cases: 1) detector thickness equal to particle range (D = R), and 2) detector thickness equal to five times particle range (D = 5R). Equal field strength, uniform throughout the detector, is assumed in both cases. For D = R the peak amplitude of the current pulse is is five times as large as for D = 5R. However, for the thicker detector the voltage pulse has five times the amplitude as compared to the thinner detector and despite the larger collection time still has a 20% larger rate of change (dV/dt)max. Figure 6b also illustrates that total collection time will be smaller for a thick detector (D >> R) made of n-type, rather than p-type material, since the major part of the pulse is due to the faster carriers. However, as brought out in Fig. 6a , the portion of maximum slope dV/dt rather than the total collection time is relevant for timing applications. In the aE transmission detector, range always equals detector thickness, which is selected on the basis of dynamic range in particle identification. For timing considerations the aE detector should be chosen as thick as possible, providing a larger signal by virtue of both the increased energy loss and the reduced capacitance.
As a general rule the area of the detector should be chosen as small as can be justified, since the capacitance directly affects the signal-to-noise ratio. Charge collection is usually poor near the periphery of the detector and a suitable aperture should be used to block the outer millimeter or so.
The preceding discussion has emphasized processes in the depletion region in determining pulse shape and timing accuracy. As a next step, it is necesary to consider the effect of the signal path and of imperfections in the detector. where Ts is expressed in ns and p in SI cm. The equivalent impedance of this circuit is resistive for frequencies X < I/Ts' a conditon which is usually fulfilled in practical situations. A series resistance in the signal path forms an integrator with the preamplifier input capacitance Ci, degrading the obtainable rise time. This series resistance is increased significantly over the DC value since the charge induced on the electrode by the moving column of collected charge is concentrated on a small area, whose order of magnitude corresponds to the lateral extent of the charge column. The diameter of this column is determined by the initial ionization along the particle track and lateral diffusion during the collection process. These values are not known accurately, but seem to be of the order of 10 to 100 pm. The resulting series resistance commonly attains values up to 103 to 104, even in low resistivity (o -103 Q cm) detectors. The integration time constant RSCj resulting from 10 pF input capacitance, for example, is then 10 to 100 ns, typically an order of magnitude greater than the collection time of the detector.
Obviously this series resistance should be eliminated and is one of the main reasons for using totally depleted detectors in timing measurements.
Another reason for avoiding partially depleted detectors stems from the non-uniform dopant concentration in the silicon ingots from which the detector slices are cut. The variation in resistivity can be as high as 20% across the diameter of the detector, leading to a systematic variation in depletion depth with corresponding changes in field strength and collection time over the detector area. The series resistance of the bulk silicon layer also varies accordingly. Measured data on these effects have been published by Henschel, et al.11 In a totally depleted detector this relative variation in field strength is reduced in proportion to the applied overbias.
The series resistance RC includes any resistance associated with the detector electrodes and the resistance of connTiti ns. Typically, RC is not more than a few ohms. '
The series inductance LS is the inductance of the connections. In conjunction with the input capacitance Ci of the preamplifier the series inductance forms a low pass filter, which can severely degrade the signal rise time. The inductance due to a 1 cm length of 0.5 mm diameter wire connecting the detector to a preamplifier with 10 pF input capacitance would by itself result in a rise time of 1 ns. Obviously, detector assemblies using a coiled spring contact should not be used. The series inductance can be reduced by using low inductance capacitors (e.g. monolithic multilayer chip capacitors) and ribbon leads instead of thin wires in the signal path.
The input LC circuit will also tend to 'ring' at its resonant frequency unless it is damped sufficiently by an equivalent series resistance. This can be provided by the real part of the input impedance of the input amplifier, which even for an FET is typically of the order of 103 Q or less at high frequencies. Obviously it would be best to use an input stage presenting an essentially resistive load. This cannot be achieved with conventional FET input stages, but suitable alternatives will be presented in the next section.
The variation of signal propagation time on the electrodes of the detector can also significantly degrade time resolution, especially when large area detectors are used. Sanderson, et. al. have measured a delay of 50 ps for particles impinging at a radius of 4.5 mm with respect to the center of the detector, and a delay of 110 ps at a radius of 7 mm.72 Increasing the resistive component of the distributed RLC transmission line formed by the electrodes by making them extremely thin (< 10 pg/cm2 Au, for example) will significantly increase the delay and the dispersion, i.e. charges in rise time over the detector area. The variation in delay is especially pronounced when the low resistance connection to the electrode is at only one point, rather than along the whole perimeter of the detector.13 A 40 pg/cm2 circular gold electrode (as commonly used on commercially available detectors) with a low resistance contact made along the entire circumference will exhibit a total resistance of about one ohm and seems to be a reasonable compromise between a minimum dead layer and low resistance. The effect of these changes in delay is reduced for short flight paths between detectors, since the loss of correlation between the positions of incidence on the two detectors due to small angle scattering is reduced. In principle this sytematic deviation could be corrected event by event if the position of incidence were measured.
In the detection of heavy ions the charge collection process is modified by the extremely high density of charge formed along the particle trajectory. The differential energy loss (corresponding to the Bragg peak) is 0.3 MeV/pm for a 0. ing to an increase by a factor of 103 to 105 for the heavy ions over minimum ionizing particles. The resulting charge density is so high that the electric field in the detector volume cannot penetrate the plasma column. Therefore, it initially expands by ambipolar diffusion,17 until the plasma is sufficiently dilute for the electric field to penetrate it and act on the charges. The collection process can be accelerated by a sufficiently large electric field eroding the plasma at the surface, thereby whittling it down.
We should therefore expect the "plasma effect" to manifest itself in two ways: 1) the signal induced on the electrodes will be delayed, sinee the plasma sheath remains neutral during the initial ambipolar diffusion phase (plasma delay). 2) collection time will increase due to the gradual erosion of the plasma. Since the time required for the plasma to dilute sufficiently for the external field to act on the charges is subject to statistical uncertainties, one should also expect a plasma jitter to be associated with the plasma delay, i.e. a degradation of time resolution. A more detailed discussion of these phenomena has been presented by Tove and Seibt.18, 19 Despite the large number of papers published on the subject of plasma effects, there is little (if any) reliable data on how they quantitatively affect time resolution. This is due to the fact that very few investigators have adequately determined the characteristics of their timing electronics. Excellent data on lasma delays have been published by Henschel, et a120' 4, indicating a constant value of 3 ns for fission fragments and 1.4 ns for 6.1 MeV a particles at low fields. At field strengths greater than 104 V/cm for fission fragements and 3-103 V/cm for alpha particles the plasma delay decreases with increasing field strength as E-1.
The particle dependence of the plasma delay alters the mass calibration of a time-of-flight spectrometer. How plasma delay quantitatively affects time resolution is not known. In a recent experiment at the Argonne Superconducting Heavy Ion Linac the author, together with W. Heming, D. Kovar and R. Pardo measured 32 ps time resolution with 230 MeV 28Si ions in a closely spaced pair of detectors. Within the errors of a few percent the measured resolution was determined solely by the timing electronics, indicating an upper limit of 10 ps for plasma jitter. Average field strengths in the 27 pm thick AE detector and O42 pm thick E detector were 1.1-10 V/cm and 2.0-1 V/cm, respectively. The ratio of maximum to minimum field strength was 1.3 in the AE and 1.2 in the E detector, ensuring a high field throughout the length of the particle track.
The presence of plasma effects can be estimated by observing the shape and rise time of the detector pulse with increasing detector bias and comparing this with the expected behavior for unretarded charge collection. Measurements of this type indicate that plasma effects are negligible for "light" heavy ions with A < 50 if the field strength E along the particle track is 2104 V/cm or more. E > 3-l04 V/cm seems to be adequate up to A -100, whereas field strengths of 5 to 7*104 V/cm (or more?) are required for lead and uranium ions. The latter fields are only obtainable with exceptional detectors, however, field strengths of 2 to 3-104 V/cm can be readily achieved.
At first glance it would appear that plasma erosion could be accelerated if the electric field were oriented perpendicular to the particle track, not parallel as is usually the case. As pointed out by Tove and Seibt18 this is irrelevant, since the high conductivity of the plasma column will deform the electric field, so that locally it will automatically be oriented normal to the surface of the plasma.
Plasma erosion can also be accelerated by cooling the detector. At a field strenght of 104 V/cm the drift velocity nearly doubles when the detector is cooled from 300 K to 77 K (the relative increase in velocity is significantly greater at low fields).22 It is doubtful whether this modest increase is really worth the bother of cooling to liquid nitrogen temperature. On the other hand, it does show that there is not much to be gained in this regard by cooling the detector by 20 or 30 degrees, as is often done.
In conclusion it can be said that, despite frequent claims to the contrary, plasma effects are not the main source of timing uncertainty for light-and medium-mass heavy ions -provided the basic rule of having sufficient field strength along the particle track is observed. In the highest resolution heavy ion time-of-flight measurements done today, timing jitter is determined by electronics.
AMPLIFIERS A. General Comments
The first stage of the amplifier must provide the proper load for the detector. It must also exhibit low noise and sufficient gain, so that noise from subsequent stages does not contribute significantly. The rise time of the amplifier should correspond to the maximum rate of change dV/dt of the detector pulse. Increasing the bandwidth of the amplifier increases the noise more than dV/dt. Decreasing the bandwidth decreases dV/dt more rapidly than the noise, which is proportional to the square root of bandwidth. Restricting the low frequency response, i.e. clipping, offers practically no advantageexcept in the presence of low frequency noise (e.g. power line noise) -since a significant reduction in noise bandwidth will tend to roll off the pulse transition, degrading (dV/dt)max more than the noise is reduced.*
B. Voltage vs Current Mode
In principle, it is possible to exploit either the current pulse or the voltage pulse of the detector for timing purposes. The current pulse has the fastest rise time -only dependent on the external circuitry. The short collection times of thin detectors also result in sufficiently large instantaneous currents. The voltage pulse is formed by integrating the current pulse on the detector capacitance. Its rise time is equal to the width of the current pulse and at first glance would seem to be inferior. Why, then, is the voltage mode used almost exclusively?
The criteria for current and voltage mode operation are given in Fig. 8 . If the input time constant formed by the detector capacitance and the input resistance of the preamplifier Ti = RiCD is much smaller than the collection time, the detector capacitance will discharge faster than charge is induced on it by the collection process. The current into the input of the preamplifier is then equal to the signal current due to movement of charge carriers in the detector-current mode. If the input time constant RiCD is large compared to the collection time, the induced charge will remain on the detector capacitance and be transformed to a voltage V = Q/C: voltage mode.
The collection times in thin detectors are a few nanoseconds or less. The input time constant for current mode operation would therefore have to be of the order of 100 ps. For a 100 pF detector the input resistance must then be one ohm or less in the gigahertz range. Higher capacitance detectors are commonly used and would require even lower values of input resistance. With present day components it is impossible to achieve such low values of input resistance at high frequencies. Therefore, in a system using thin, high capacitance detectors there is, for all practical purposes, no such thing as a current sensitive preamplifer.
The following discussion will therefore be formulated in terms of input voltages. In the voltage mode the detector can be considered as a low impedance voltage source. For a given input equivalent noise voltage, all situations with the same ratio of detected energy to detector capacitance will provide the same signal-to-noise ratio.
C. Noise Sources
In the frequency range of interest here, the dominant noise sources have a uniform spectral density, i.e. they are "white". Furthermore, no (14) The main reason for using field effect transistors as the input device in semiconductor detector preamplifiers is their extremely low equivalent input noise current -mainly determined by the gate leakage current which is typically six or more orders of magnitude less than the base current in bipolar transistors. The relevant quantity, however, is the product inZs: low capacitance detectors used with microsecond peaking times (corresponding to low frequencies) exhibit a high impedance ZS = XC = 1/wC and, conversely, high capacitance detectors used with nanosecond peaking times (corresponding to high frequencies) present a low impedance, where the product in-ZS may be negligible compared to the equivalent input noise voltage en. The former situation corresponds to a typical high-resolution gamma or x-ray spectrometer, whereas the latter represents a fast timing system as considered here. The noise characteristics of field effect transistors and bipolar transistors will therefore be examined.
in the equation for signal-to-noise ratio (19) The signal-to-noise ratio is given by The ratio gm/CGS is determined by device geometry, specifically by the ratio of gate width to gate length. This term determines the frequency dependence of the transistor noise. As a low frequency approximation, using the relationships gm = l/re and IC IE = kT/ere the collector term can be written 2kTre, often called the "noise of the emitter resistance". This is a misnomer, since the dynamic emitter resistance re does not produce thermal noise (this fact will be exploited later). This resistance per se is noiseless, the only noise associated with it being due to the current flow 1149 Vn DETECTOR (21) ,rAy -
Vn in
Hz over the potential barrier of the base-emitter diode,
i.e. shot noise. Misleading as it may be, the formulation 2kTre is useful as an estimate of this term in comparison to the first. This last term can also be formulated in terms of the internal base emitter capacitance, since gm = Cble *'T in the hybrid E model, where wT is the transit frequency. This also yields a matching condition between input capacitance and source capacitance, as for the FET. The problem in evaluating Eq. 22 is that the parameters r>' and gmeff are usually not spe 'fied for the transistor of interest. However, gme can readily be calculated from S-parameters, which are usually specified for high frequency devices. The base spreading resistance can be determined from a noise figure measurement. Noise figure F is defined as (23) noise of 6.5 uV over a 500 MHz bandwidth has been measured on several BFQ69 stages without selecting devices for low noise. General selection criteria when scanning data sheets for suitable transistors are: high gain-bandwidth product (fT > 3 GHz), low noise figure (F £ 1 dB at 500 MHz) and high dc current gain, representing the third, first and second term in Eq. 22 respectively. In summary, the preceding discussion has shown that, contrary to widespread belief, bipolar transistors are superior to field effect transistors (FETs) for fast timing with moderate and high capacitance detectors. This is true for current devices. Improvements in GaAs FETs could shift the balance in their favor. On the other hand, improvements in bipolar transistors are equally probable. Currently, performance, ease of application and price certainly favor bipolar transistors. Now that amplifier noise levels have been determined, we can estimate the importance of detector noise. The noise sources associated with the detector are series resistance, which we will assrme to be small with respect to rb', and shot noise ir = 2eI associated with the reverse junction current Ir. This has the same effect as the base current shot noise in a bipolar transistor and is negligible for reverse junction currents up to several microamperes in a 100 pF detector. Detector noise, therefore, is not a practical problem in these applications, since moderate cooling will reduce leakage current to acceptable levels, if necessary.
F. Coupling the Detector to the Preamplifier
Four methods of deriving both a timing and an energy signal from a semiconductor detector are shown in Fig. 11 . A charge sensitive preamplifier is well suited for timing with thick, low capacitance detectors, where collection times are long (Fig. lla) This scheme is elegant and convenient to use. However, since the input stage must work well at both low and high frequencies, it does require some design compromises not necessary in the hybrid scheme. It is often overlooked that this configuration requires a dual noise specification: equivalent noise charge for the slow channel and equivalent input noise voltage for the fast channel.
G. Resistively Terminated Systems
One widespread misconception is that it is necessary to mount the input stage of the preamplifier in immediate proximity of the detector ("head mounted" preamplifier). Consider a transmission line connected to the detector and terminated at its far end with a resistance equal to the line's surge impedance ZO.
The transmission line will then present a purely resistive load ZO to the detector. If the condition Ti = ZoCD tcoll for voltage mode operation is fulfilled (Fig. 8) Two methods of obtaining a resistive input impedance in a hybrid voltage sensitive system without a significant noise penalty are shown in Fig. 12 . In Fig. 12a the series resistance used to isolate the fast input from the charge sensitive preamplifier (cf. Fig. lc) is equal to the line impedance. Its ground return is provided by a capacitor at the charge sensitive amplifier port, resulting in a high frequency termination. A value of 500 to 1000 pF for this capacitor results in a good match over an adequate frequency range. This capacitor does increase the noise in the charge sensitive channel, which is tolerable in this application since the energy resolution for heavy ions will still be limited by processes in the detector.32'33 Low frequency thermal noise due to the termination resistor is short circuited by the shunt inductor (L = 10 to 20 pH). The resistive termination does increase noise in the fast channel. However, its equivalent noise resistance is decreased by a factor [XC/(XC + RT)]2, where XC is the reactance of the detector and RT the termination resistance. In most cases the noise contribution due to the termination is therefore negligible compared to the noise of the input FET. The fast amplifier must have a low input capacitance to avoid significant degradation of rise time and impedance matching (10 pF 0 45 Q at 350 MHz).
This simple scheme is not amenable to bipolar input stages. Furthermore, in many situations the shunt resistor would significantly degrade the extremely good noise performance offered by bipolar transistors. The voltage sensitive transformer coupled circuit shown in Fig. 12b is free of these limitations. A fast preamplifier providing a wideband fixed termination is coupled to the detector through a transformer. The transformer is designed for a lower cutoff frequency high enough to avoid appreciable coupling of noise from the fast to the slow channel. This being a matched system (contrary to transformer coupled circuits published heretofore), a transmission line transformer with excellent high freguency characteristics (fax -1 GHz) can be used.34 The current flowing from the detector through the transformer primary is integrated on the capacitor C. This charge is subsequently transferred to the charge sensitive preamplifier. The remaining problem is how to design a low-noise fast amplifier with a well defined resistive input impedance. transformer are crucial: its geometry must provide low interwinding capacitance and a small leakage inductance for good high frequency performance. Core losses must be low since any resistive component will introduce additional noise. This is especially important at high frequencies which determine the noise bandwidth. The windings must also exhibit enough self inductance for adequate low frequency response. A passband of 10 to 400 MHz has been obtained with a voltage gain of three in a 50 Q circuit. The input reflection coefficient is less than 15% throughout the passband. The circuit will handle input levels up to several hundred millivolts. Noise performance equals that of the transistor without feedback. Fig. 12 Terminated systems using a cable between detector and preamplifier.
H. Cooled Terminations in Subnanosecond Amplifiers
The concept of "cooled terminations", i.e. essentially noiseless resistive loads corresponding to low noise temperature, has been applied by Radeka 5 to circuits where a 90 phase shift in the forward path of a feedback loop transforms a feedback reactance to a resistance at the amplifier input. However, ensuring a 90 phase shift up to suibnanosecond bandw.idths is practically impossible. Other schemes have to be applied here.
A circuit using a transformer as the feedback element is shown in Fig. 13 . Published (and patented) by Norton,36 this circuit ideally has neither losses nor thermal noise associated with the feedback element, hen5e the term "lossless" or "noiseless" feedback.36,3 Obviously, the characteristics of the A simpler circuit is shown in Fig. 14 . Figure  14a shows a conventional series shunt feedback stage with simplified design equations.38 Shunt feedback due to RF decreases the input impedance, whereas series feedback introduced by RE increases it. The efficacy of both mechanisms decreases at high frequencies due to decreased transistor gain, but the cumulative effect keeps the input impedance constant. Rigorous calculations using actual transistor parameters (S-parameters) show that the simplified design equations shown in Fig. 14a yield the correct values of RF and RE but overestimate the gain by about 10%. Thermal noise due to RF is significantly attenuated by the source impedance, so that the major source of additional noise is the emitter resistor RE. This noise source is eliminated by using the dynamic emitter resistance re = kTfeIe, i.e. a noiseless resistance, as the series feedback element RE. Two cascaded stages of this type using BFQ69 transistors with a total voltage gain of 30 exhibit a rise time of less than l ns and an equivalent input noise of 6.5 pV. The input reflection coefficient is < 10 throughout the passband and can be minimized by adjusting the emitter current of the transistor. The drawback of this circuit is its limited dynamic range, since the dynamic emitter resistance is current dependent. However, compromise settings are quite adequate for many appplications. The freedom of design and utter simplicity afforded by this circuit make it very convenient to design and construct. It can also be applied to delay line readout of position sensitive detectors, for example.
I. Mismatched Systems
Before concluding this discussion on using transmission lines to connect the preamplifier to the detector, we should consider an imperfect, albeit common situation: a high-impedance amplifier connected through a low-impedance (50 to 100 Q) cable. How does this mismatched system behave?
A short cable, whose propagation time is small compared to the rise time of the detector pulse, will act as an additional shunt capacitance. This will be smaller for higher impedance cables.
If the cable is long, with a transit time T which is large compared to the rise time, it will initially present a resistance to the detector which is equal to the surge impedance of the cable. This load will only change after a time 2T when the signal reflected from the preamplifier arrives at the detector. At the preamplifier input, the pulse amplitude will increase, since it is refected with equal polarity. However, its rise time will be degraded by the input capacitance. The signal will be reflected back and forth, and finally it will be indiscernable. The dead time of the trigger has to be increased to prevent it from firing consecutively on the reflected pulses. This "sloppy" system is not optimum, the pulses look terrible, but it is usable -although certainly not recommended.
THE TRIGGER
The purpose of the trigger is to provide a normalized logic pulse with a well defined time relationship to the time origin of the analog input pulse for all variations of amplitude or shape. The simplest circuit of this kind is a leading edge trigger, which provides a logic output when the input signal exceeds a fixed reference level. As shown in Fig. 15 , amplitude variations lead to a shift in timing called "walk". Walk can be reduced by setting the trigger threshold low, but this is in conflict with the requirement that the trigger threshold be set at the point of maximum slope for optimum timing. Another source of walk are variations in rise time.
Amplitude walk can be eliminated by having the trigger threshold track the pulse amplitude (Fig. 16 ). This is done by delaying the transition of the pulse and comparing it with a fraction f of the pulse amplitude applied to the reference input. The circuit will now trigger at a constant fraction f of pulse amDlitude, hence the name constant fraction trigger. 39, 40 Amplitude compensation will occur if the delay time td is set 20 to 30% larger than the rise time t, of the input pulse. If the delay is chosen so that
The reference level will be a function of both amplitude and rise time. For longer rise times the trigger fraction will shift to smaller values and conversely, shorter rise times will increase the trigger fraction. This mode results in amplitude and rise time compensation, provided that all occurring trigger fractions lie in the linear portion of the pulse transitions. Amplitude walk in a good constant fraction trigger is + 50 ps over a dynamic range of 100:?, exceptional units achieve i 20 ps. Concentration on reducing the walk of trigger circuits has diverted attention from two important characteristics of a trigger which significantly affect the time resolution of a fast timing system.
The upper curve in Fig. 1,7 shows the measured time resolution of a better than average leading edge trigger as a function of amplitude for a fixed rise time and noise level. The trigger threshold has been readjusted for each signal level to a trigger fraction of 50% (dV/dt = max). The straight line below the curve indicates the time resolution given by the first term of Eq. 3. For small signal levels the measured curve is nearly parallel to the calculated line. The difference is due to the limited bandwidth of the trigger. At high levels the measured resolution no longer improves with increasing signal-to-noise ratio: it flattens off due to the residual jitter of the trigger circuitry -the second term in Eq. 3. These data were measured on a fast comparator IC -basically a cascade of differential amplifiers. Similar results are also obtained for tunnel diode discriminators.
The data in Fig. 17 correspond to an effective rise time of about 2 ns. Triggers commonly in use have effective rise times as long as 5 to 7 ns, the residual jitter may be as high as to 50 ps, imposing a severe limit on achievable time resolution. The trigger also has an effective input noise.
This may be determined by measuring the resolution vs. signal level for an essentially noise free input pulse with a rise time which is long compared to the inherent rise time of the trigger. The measurement indicated by the upper curve in Fig. 18 The pulse used to take the center curve in Fig. 18 Results on two representative commercial timeto-amplitude converters for random start/stop rates are shown in Fig. 21 . Brand 0 -a unit used in many laboratories -shows significant deviations from a guassian line shape and broadens appreciably when the start/stop rate is increased to 20,000 s-1. Brand C -a new design -has a clean line shape, but also develops a spurious peak which becomes more pronounced with increasing counting rate. These effects disappear when a periodic start/stop rate is applied.
ANALYZING A SYSTEM
How can the causes of timing uncertainty in a practical experiment be determined? The first step is to measure the contribution due to the electronic part of the system. This can be done by feeding the output of a pulser into the preamplifier input, taking great care that the conditions of the experiment are reproduced. Specifically, this means that the amplitude, rise time and shape of the test pulse must be adjusted to produce the same signal at the input of the trigger as in the actual experiment. The pulser must have a trigger output free of time jitter with respect to the test signal, to provide a reference signal for the time converter. The time resolution is then measured for various pulse amplitudes. The curve in Fig. 17 is the result of such a measurement. If fluctuations in pulse shape were observed, the measurement should be repeated for the range of pulse shapes encountered in the experiment. These data should be taken on every detector channel, even if they seem identical (they often are not, this is the way to find out). On a time-of-flight telescope, the measurement should be repeated with the pulser feeding the start and stop channels. The input signals to the two channels muIst be independently adjusted to provide the proper amplitude ratios corresponding to the energy deposited in the two detectors.
Feeding the pulser output into the preamplifier is easier said than done, since this should be implemented in a manner that does not change the noise of the system. Using a small test capacitor as is customary in charge sensitive preamplifiers does not work as well with resistive inputs since these two components form a CR differentiation network. The most practical alternative is to disconnect the detector and feed the pulse through a voltage divider providing a very low source resistance (-1 Q), which in turn is connected to the preamplifier input through a capacitor equal in value to the detector capacitance (Fig. 22) . This network will closely approximate the source impedance of the detector and also result in the same input time constant. The series resistor in the voltage divider must exhibit low capacitance (< 0.1 pF) whereas the shunt resistor must have a very low stray inductance (< 0.01 nH) to provide a clean pulse at fast rise times.
TEST TERMINATOR _I A PREAMPLIFIER electronic resolution constitutes a significant contribution to the time resolution measured with particles in a detector, improvements in the electronics will result in better time resolution in the experiment. Techniques to evaluate the contributions of the individual electronic modules have been outlined in the preceding sections.
In a system limited by electronic resolution, the measured curve of time resolution vs. input signal can be used to predict experimental results for other energies and detectors (provided the collection times are comparable). The signal levels at the detector can be calculated easily using the numerical equations compiled in the Appendix.
Degradation of resolution not attributable to electronics originates either in the detector or in the geometry of the measurement setup. Variations in length of the flight path are one example of the latter. This could be reduced or eliminated by collimation. In a semiconductor AE-E-TOF telescope energy loss straggling in the AE detector will lead to variations in flight time. Gating the time spectrum with a window on the energy spectrum, set smaller than the intrinsic resolution of the E detector, will reduce this effect.
And of course there remain the numerous degrading effects in the detector. But the essential point of this discussion is: unless the electronic contributions are carefully and properly measured, any statements regarding the detector's contribution to time resolution are just speculation. A simpler, although less desirable scheme is to feed the preamplifier input directly from a conventional 50 Q attenuator. This will alter the noise and may change the noise spectrum (if the contribution due to input noise current is significant). In this case the input noise must be measured with the detector and with the attenuator connected to the preamplifier, and the pulser amplitude must be changed accordingly to provide the same signal-to-noise ratio as in the experiment. Fig. 17 indicates the time resolution which should be obtainable with 10 MeV energy loss in a 100 pF detector -one with a thickness of 100 um and an area of 100 mm2, for example -given the noise levels in current state of the art preamplifiers. No experiment heretofore has come close to obtaining the predicted value of 6 ps FWHM. Resolution today -at least for light and medium mass heavy ions -is limited by electronics, specifically by bandwidth limitations and residual jitter in the trigger. In most experiments the signal-to-noise ratio is so high that residual jitter is the limiting parameter. The prototype triger whose data is shown in Fig. 18 
